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HIGHLIGHTS 


•  Spherical  LiFeP04/(C  +  La0.56Lio.33Ti03)  composites  are  firstly  reported. 

•  The  hybrid  coating  layer  was  uniformly  deposited  on  the  surface  of  LiFeP04. 

•  The  hybrid  coating  layer  can  be  favourable  for  fast  electron  and  Li+  transport. 

•  The  performance  of  LiFeP04/C  is  improved  via  coating  with  La0.56Lio.33Ti03. 

•  This  strategy  can  be  extended  to  other  materials  for  lithium  ion  batteries. 
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The  LiFeP04/(C  +  La0.56Lio.33Ti03)  composites  with  spherical  morphology  are  synthesized  for  the  first 
time  via  ammonia  assisted  hydrothermal  method.  The  structure  and  electrochemical  performance  of 
LiFeP04/(C  +  Lao.56Lio.33Ti03)  are  investigated  by  scanning  electron  microscope  (SEM),  transmission 
electron  microscopy  (TEM),  X-ray  diffraction  (XRD),  charge/discharge  tests  and  cyclic  voltammetry  (CV). 
It  has  been  found  that  the  hybrid  coating  layer  composing  of  electron  conductive  C  and  fast  Li  ion 
conductive  La0.56Lio.33Ti03  is  synchronously  deposited  on  the  surface  of  LiFeP04  microspheres.  The 
hybrid  coating  layer  can  be  favourable  for  fast  electron  and  Li+  transport,  and  avoid  HF  eroding  LiFeP04  in 
electrolyte,  thus  improve  the  electrochemical  performance.  The  initial  discharge  capacity  of  LiFeP04/ 
(C  +  La0.56Lio.33Ti03)  is  126.3  mAh  g-1,  the  capacity  retention  is  still  as  high  as  98.3%  even  after  100  cycles 
at  5  C.  Even  at  high  rate  of  30  C,  it  still  reveals  a  high  discharge  capacity  of  62.3  mAh  g-1. 
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1.  Introduction 

Since  the  pioneering  work  by  Padhi  [1  ,  the  olivine  LiFeP04 
has  been  regarded  as  the  most  promising  candidate  of  cathode 
materials  for  lithium  ion  batteries  because  of  its  high  theoretical 
capacity,  long  cycle  life,  good  thermal  stability,  excellent  safety  and 
so  on  [2].  Unfortunately,  the  low  tap  density  (~0.9  g  cm-3), 
poor  electronic  conductivity  (10-9  to  10  8  S  cm-1),  low  ionic 
conductivity  (10-11-10-9  S  cm-1)  and  low  ionic  diffusivity  (10-17- 
10  14  cm2  s-1)  have  hampered  its  extensive  applications  in  industry 
[3,4]. 
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Extensive  works  have  been  introduced  to  overcome  intrinsic 
shortcomings  of  LiFeP04.  One  way  is  to  synthesize  spherical 
morphology  material  with  high  tap  density  [5-8].  Another 
important  approach  is  surface  coating  of  LiFeP04  with  electronic 
conductive  materials  (such  as  carbon,  polymers  and  so  on)  to 
enhance  electronic  conductivity  of  LiFeP04  [9-16].  While  trans¬ 
ferred  electron  in  LiFeP04  must  be  reciprocally  compensated  by 
extraction/insertion  of  Li+  to  keep  the  charge  balance  during  the 
charging/discharging  process  [2].  If  the  Li  ion  diffusivity  cannot 
attain  the  requisite  diffusivity  of  transferred  electron,  it  will  limit 
the  transferred  electron,  leading  to  deteriorated  electrochemical 
performance.  Thus,  it  is  necessary  to  seek  for  an  ideal  coating  layer 
with  both  high  Li+  and  electron  conductivity. 

Lao.56Lio.33Ti03  with  a  perovskite  structure  is  an  excellent 
fast  Li  ion  conductor  [17—20].  The  lithium  ion  conductivity  of 
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Fig.  1.  SEM  images  of  the  synthesized  (a)  LiFeP04  precursor  and  (b)  Lao.56Lio.33Ti03. 


Lao.56Lio.33Ti03  is  up  to  10-3  S  cm-1  at  25  °C,  and  gradually  enhances 
with  the  increase  of  temperature.  Moreover,  it  exhibits  a  good 
thermal  stability,  low  cost  and  excellent  safety  17-20].  Therefore,  it 
has  extensively  been  used  in  electrolyte  of  batteries  and  other 
electrochemical  devices  [  17—20].  To  our  knowledge,  there  have  been 
rarely  reports  on  using  Lao.56Lio.33Ti03  or  Lao.56Lio.33Ti03  and  C 
hybrid  coating  to  modify  LiFePC^. 

Recently,  we  have  successfully  synthesized  LiFePC^/C  micro¬ 
spheres  via  ammonia  assisted  hydrothermal  route  and  achieved 
excellent  electrochemical  performance  [6-8].  In  order  to  further 
improve  the  electrical  properties  of  LiFePOzi/C,  especially  high  rate 
capability,  herein  we  reported  LiFeP04/(C  +  Lao.56Lio.33Ti03)  mi¬ 
crospheres  modified  with  electron  conductive  C  and  fast  Li  ion 
conductive  La0.56Lio.33Ti03  hybrid  coating. 


2.  Experimental 

Nano-powders  Lao.56Lio.33Ti03  was  synthesized  by  sol-gel 
method  as  follows.  Separately,  the  stoichiometric  amounts  of 
0.03  mol  of  citric  acid,  Ti(OBu)4,  La(N03)3  -6Fl20  and  LiN03  (mole 
ratio  is  1.15:1.00:0.56:0.33)  was  dissolved  in  150  mL  ethanol  with 
stirring  at  room  temperature.  Then  the  solution  was  heated  on  a 
hotplate  at  80  °C  under  continued  stirring  to  get  gel.  The  obtained 
gel  was  placed  into  an  oven  at  80  °C  to  form  xerogel.  The  xerogel 
were  ground  and  preheated  at  350  °C  for  4  h.  After  cooled  to  room 
temperature,  the  obtained  precursor  were  ground  again  and  then 
calcined  at  900  °C  for  2  h.  Finally,  the  Lao.56Lio.33Ti03  was  obtained. 

LiFeP04/(C  +  Lao.56Lio.33Ti03)  composites  were  prepared  as  fol¬ 
lows.  The  stoichiometric  amounts  of  0.028  mol  of  LiOHH20, 


O  Carbon  La0  56Li0J3TiO3  @  Li+  O  e  CD  Solvent  molecule 

Fig.  2.  (a)  SEM  images  of  the  synthesized  samples;  (b)  TEM  and  (c,  d)  HR-TEM  (inset:  SAED)  photograph  of  synthesized  LiFeP04/(C  +  La0.56Lio.33Ti03);  (e)  Schematic  of  the  hybrid 
coating  layer  with  C  and  La0.56Lio.33Ti03  for  LiFeP04  during  charge/discharge  process. 
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Fe(N03)3-9H20,  NH4H2PO4  and  citric  acid  with  molar  ratio  of 
1:1:1:1  were  dissolved  in  45  mL  distilled  water  to  form  a  trans¬ 
parent  yellow-green  solution.  Then  2  mL  ammonia  solution  (25%— 
28%  V%)  was  dropwise  added  to  the  solution  with  continued  stir¬ 
ring.  A  certain  amount  of  distilled  water  was  added  to  above  so¬ 
lution  up  to  70  mL.  The  mixture  solution  was  stirred  for  30  min 
before  being  transferred  into  a  100  mL  Teflon-lined  stainless  steel 
autoclave.  The  autoclave  was  sealed,  kept  at  180  °C  for  6  h  in  an 
electric  oven,  and  cooled  to  room  temperature  naturally.  The  sus¬ 
pension  and  precipitate  were  heated  on  a  hotplate  at  80  °C  under 
stirring  to  get  spherical  precursor  powder.  The  spherical  precursor 
powder  was  directly  mixed  with  Lao.56Lio.33Ti03  (about  2  wt.%  of 
LiFePCU)  and  solid  citric  acid  (the  amount  of  carbon  was  about 
5  wt.%  of  LiFePCU)  in  ethanol  medium.  The  powder  was  calcined  at 
700  °C  for  10  h  in  Ar/H2  (95:5  V%)  atmosphere.  Finally,  LiFeP04/ 
(C  +  Lao.56Lio.33Ti03)  composites  were  obtained.  For  comparison, 
LiFePCU/C  composites  were  prepared  by  the  above  process  without 

Lao.56Lio.33Ti03. 

The  phase  identification  of  the  samples  was  performed  with  a 
diffractometer  (D/Max-3C,  Rigaku,  Japan)  using  Cu  Ka  radiation 
(A  =  1.54178  A)  and  a  graphite  monochromator  at  36  kV,  20  mA.  The 
surface  morphology  of  the  samples  was  observed  using  the  JSM- 
6100LV  SEM  (JEOL,  Japan)  equipped  with  an  energy  dispersive 
spectrometer  (EDS).  High  resolution  transmission  electron  micro¬ 
scopy  (HR-TEM)  and  selected  area  electron  diffraction  (SAED)  im¬ 
ages  were  taken  with  JEOL  JEM100SX  electron  microscope.  The 
weight  percentage  of  carbon  in  the  samples  was  determined  by  a  C, 
H,  N  Analyser  model  1106  Carlo  Erba  Strumentazione.  The 
measured  volume  of  the  tapped  powder  and  its  mass  were  used  to 
calculate  the  tap  density  of  LiFeP04/C. 

The  electrochemical  tests  of  samples  were  carried  out  using  coin 
cells  assembled  in  an  argon-filled  glove  box.  In  all  cells,  the  cathode 
was  consisted  of  a  mixture  of  active  material  (80  wt.%),  acetylene 
black  (5  wt.%),  graphite  (5  wt.%)  and  polyvinylidene  fluoride  (PVDF) 
(10  wt.%);  lithium  was  served  as  counter  and  reference  electrodes;  a 
Celgard  2400  was  used  as  separator,  and  the  electrolyte  was  1  M 
LiPF6  solution  in  ethylene  carbonate  (EC)-dimethyl  carbonate 
(DMC)  (1:1,  V/V).  The  loading  of  samples  on  the  electrode  is  about 
9.5  mg  cm-2,  and  the  thin  film  of  electrode  is  around  75  pm  in 
thickness  after  rolling.  Charge/discharge  measurement  was  carried 
out  in  Neware  battery  test  system  BTS-XWJ-6.44S-00052  at 
different  current  densities  between  2.0  and  4.3  V  vs.  Li/Li+.  CV  was 
performed  on  Zahner  Zennium  electrochemical  workstation  in  the 
potential  ranges  of  2.0-4.3  V  (vs.  Li/Li+)  at  room  temperature  at  the 
scan  rates  from  0.1  to  1.0  mV  s_1. 

3.  Results  and  discussion 

SEM  images  of  synthesized  samples  are  shown  in  Fig.  1.  LiFePCH 
precursor  is  uniform  monodisperse  microspheres  with  the  average 
particle  size  of  about  1.8  pm  Lao.56Lio.33Ti03  is  composed  of  near- 
spherical  nanoparticles  with  the  particle  size  of  about  30- 
200  nm.  LiFeP04/(C  +  Lao.56Lio.33Ti03)  composites  is  obtained  via 
solid  state  reaction. 

The  morphologies  of  as-synthesized  samples  are  shown  in 
Fig.  2a.  It  can  be  clearly  seen  that  LiFeP04/C  and  LiFeP04/ 
(C  +  Lao.56Lio.33Ti03)  exhibit  nearly  the  same  shape  and  size  as 
precursor,  even  after  the  precursor  re-crystallized  under  the  high 
temperature  calcination.  The  tap  density  of  both  synthesized 
samples  is  around  1.3  g  cm-3.  The  surface  morphology  of  LiFePCU/ 
(C  +  Lao.56Lio.33Ti03)  is  investigated  by  TEM  and  HR-TEM  shown  in 
Fig.  2b-d.  As  illustrated  in  Fig.  2b,  there  are  two  distinctive  mor¬ 
phologies,  namely  relatively  dark  nanoparticles  and  grey  floccule 
deposited  on  the  surface  of  LiFeP04  particles.  Fig.  2c-d  show  the 
HR-TEM  of  these  two  materials.  The  relatively  dark  nanoparticles 


are  crystalline  Lao.56Lio.33Ti03  and  the  grey  floccule  is  amorphous 
carbon,  respectively.  The  residual  carbon  content  is  about  4.1  wt.%, 
determined  by  element  analysis.  The  SAED  patterns  shown  in  the 
inset  of  Fig.  2b  further  reveal  the  existence  of  high  crystallinity 
Lao.56Lio.33Ti03  in  the  hybrid  coating  layer.  Basing  on  the  above 
results,  it  indicates  that  C  as  an  excellent  electronic  conductor  and 
Lao.56Lio.33Ti03  as  a  perfect  fast  Li  ion  conductor  are  synchronously 
coated  on  the  surface  of  spherical  LiFePCH.  The  hybrid  coating  layer 
is  not  only  favourable  to  fast  transport  both  electron  and  Li+,  but 
also  prevents  direct  contact  between  electrolyte  and  LiFePC^,  and 
thus  could  improves  the  electrochemical  performance,  especially 
high  rate  capability  and  cyclic  stability.  A  schematic  drawing  of  this 
is  exhibited  in  Fig.  2e. 

The  XRD  patterns  of  synthesized  Lao.56Lio.33Ti03,  LiFePCU/C  and 
LiFeP04/(C  +  Lao.56Lio.33Ti03)  are  displayed  in  Fig.  3a.  The  results 
show  that  synthesized  Lao.56Lio.33Ti03  can  be  indexed  as  perovskite 
structure,  indicating  a  perfect  crystallinity  [17-20].  It  is  also  worth 
mentioning  that  the  synthesized  LiFeP04/C  and  LiFePC^/ 
(C  +  Lao.56Lio.33Ti03)  still  retain  the  olivine  LiFePCU  after  coating 
with  C  and  Lao.56Lio.33Ti03,  as  corroborated  by  the  XRD  patterns 
results  shown  in  Fig.  3a.  In  addition,  the  chemical  valences  of  Ti  for 
LiFeP04/(C  +  Lao.56Lio.33Ti03)  were  further  investigated  via  XPS. 
Fig.  3b  displays  the  XPS  spectra  of  Ti.  The  XPS  peak  at  464.3,  458.6, 
462.9  and  457.1  are  attributed  to  Ti4+(2p3/2  and  2pl/2)  and 
Ti3+(2p3/2  and  2pl/2),  respectively  [21,22].  It  suggests  that  Ti  ions 
are  in  a  mixed  valence,  which  is  beneficial  to  improve  the  con¬ 
ductivity  [17,21]. 

In  order  to  evaluate  the  rate  capability  of  samples,  the  cells  were 
discharged  at  different  rates  from  1  to  30  C  rates  stepwise.  Fig.  4a 
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Fig.  3.  (a)  XRD  patterns  of  the  samples;  (b)  XPS  spectra  of  Ti  for  synthesized  LiFeP04/ 
(C  +  Lao.56tio.33Ti03). 
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Fig.  4.  (a)  Discharge  curves  and  (b)  cycle  performance  of  the  samples  at  various  rates;  (c)  The  rate  capacity  of  LiFeP04/(C  +  Lao.56Lio.33Ti03)  compared  with  previous  works;  The 
cycle  life  curves  of  samples  at  rates  of  (d)  5  C  at  25  °C  and  (e)  1  C  at  55  °C;  (f)  Cyclic  voltammograms  of  samples  at  various  scan  rates;  (g)  The  curve  of  peak  current  (ip)  as  a  function 
of  square  root  of  scan  rate  (v1/2)  of  samples. 
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shows  the  discharge  profiles  at  1  C— 30  C,  the  corresponding  rate 
cycling  performance  is  shown  in  Fig.  4b.  The  discharging  voltage  of 
LiFeP04/C  obviously  decreases  and  becomes  indistinct  with  the 
discharging  current  increasing  to  30  C.  While  the  discharging 
voltage  ofLiFeP04/(C  +  Lao.56Lio.33Ti03)  decreases  less  than  those  of 
LiFeP04/C  at  1  C-30  C.  As  shown  in  Fig.  4b,  compared  to  LiFeP04/C, 
LiFeP04/(C  +  Lao.56Lio.33Ti03)  displays  remarkably  improved  rate 
capability,  especially  at  higher  rates.  LiFeP04/(C  +  Lao.56Lio.33Ti03) 
delivers  a  discharge  capacity  of  155.5, 142.1, 126.1, 105.8,  86.0  and 
62.3  mAh  g-1  at  1  C-30  C,  respectively,  higher  than  those  of 
LiFeP04/C  (154.9, 141.0, 120.3,  83.0,  46.5  and  17.2  mAh  g"1  at  1  C- 
30  C).  These  data  are  significantly  higher  than  the  results  reported 
by  other  groups  about  double  modification  LiFeP04  with  carbon 
and  other  electronic  conductive  materials,  which  are  listed  and 
compared  in  Fig.  4c.  [23-27].  It  is  due  to  both  of  electronic  and  Li+ 
transport  for  LiFeP04/(C  +  Lao.56Lio.33Ti03)  can  be  enhanced,  rather 
than  improving  only  electronic  transferred  in  the  above  references 
via  double  modification  with  carbon  and  other  electronic  conduc¬ 
tive  materials. 

The  cycling  performance  of  samples  at  5  C  (850  mA  g-1)  is 
exhibited  in  Fig.  4d.  It  can  be  seen  that  LiFeP04/C  and  LiFeP04/ 
(C  +  Lao.56Lio.33Ti03)  exhibit  the  initial  discharge  capacities  of  127.5 
and  126.3  mAh  g~\  with  retention  ratios  of  84.7%  and  99.9%  after 
100  cycles,  respectively.  The  cycling  performance  of  samples  at 
elevated  temperature  is  further  investigated  in  Fig.  4e.  As  shown  in 
Fig.  4e,  LiFeP04/C  and  LiFeP04/(C  +  Lao.56Lio.33Ti03)  deliver  the 
initial  discharge  capacities  of  160.4  and  162.1  mAh  g-1,  with 
retention  ratios  of  95.5%  and  99.6%  after  100  cycles,  respectively. 
The  electrochemical  performance  of  materials  is  remarkably 
enhanced,  which  can  be  attributed  to  the  enhancement  of  elec¬ 
tronic  and  Li+  transport.  Moreover,  the  surface  coating  layer 
composed  of  C  and  Lao.56Lio.33Ti03  could  provide  an  effective  pro¬ 
tective  layer  for  LiFeP04  core  particles  to  shield  them  from  direct 
contact  with  the  acidic  electrolyte,  and  thus  can  deliver  excellent 
cycling  performance  [2,9-16]. 

Fig.  4f  shows  the  CV  curves  of  the  synthesized  samples  at  a  scan 
rate  from  0.1  to  1.0  mV  s-1.  Each  of  the  CV  curves  consists  of  one 
pair  of  redox  peak  at  around  3.5  and  3.4  V,  corresponding  to  the 
charge/discharge  reaction  of  the  Fe3+/Fe2+  redox  couple.  Obviously, 
the  intensity  and  area  of  the  redox  peaks  enhance  with  the  increase 
of  scan  rate.  The  linear  relationship  of  the  peak  current  (ip)  as  a 
function  of  square  root  of  scan  rate  (v1/2)  is  illustrated  in  Fig.  4g. 
Thus,  the  chemical  diffusion  coefficient  can  be  derived  according  to 
the  following  Randles-Sevcik  equation: 

ip  =  (2.69  x  105)n3/2/\Dy/2Cov1/2  (1) 

Where,  ip  is  the  peak  current,  n  is  the  charge  transfer  number,  C0  is 
the  concentration  of  lithium  ions  in  the  cathode,  Du  is  the  chemical 
diffusion  coefficient  of  Li+,  v  is  the  scan  rate  and  A  is  the  surface 
area.  Flowever,  the  determination  of  the  actual  surface  area  of 
active  materials  is  a  difficult  task  due  to  the  presence  of  C  in  the 
LiFeP04/C  or  LiFeP04/(C  +  Lao.56Lio.33Ti03)  composites.  Namely, 
classical  BET  method  of  surface  area  measurement  may  lead  to  a 
significantly  overestimated  value,  since  carbon  surface  may  be  very 
developed  and  participate  predominantly  in  the  measured  value 
[28].  Flere,  A  is  estimated  on  the  basis  of  equation  [29-33]: 


Where,  r  is  the  average  particle  radius  which  obtained  from  SEM 
image  shown  in  Fig.  2a,  p  is  the  bulk  density.  The  calculated  A  via  Eq. 
(2)  is  around  34.3  cm2.  The  corresponding  diffusion  coefficient  of 


Li+  can  be  calculated  by  Eq.  (1)  from  the  slope  of  ip  vs  sqrt(v)  in 
Fig.  4g.  During  charge/discharge  process,  the  Du  of  LiFeP04/C  is 
1.04  x  10  13  and  5.79  x  10  14  cm2  s_1,  while  LiFeP04/ 
(C  +  La0.56Lio.33Ti03)  is  6.30  x  10  13  and  4.12  x  1(T13  cm2  s_1, 
respectively.  Apparently,  the  Du  of  LiFeP04/(C  +  Lao.56Lio.33Ti03) 
shows  a  notable  increase  compared  to  that  of  LiFeP04/C,  suggesting 
that  LiFeP04/(C  +  Lao.56Lio.33Ti03)  is  more  favourable  than  LiFeP04/ 
C  to  lithium  ion  diffusion. 

4.  Conclusions 

The  spherical  LiFeP04/(C  +  Lao.56Lio.33Ti03)  composites  have 
been  successfully  synthesized  by  an  ammonia  assisted  hydrother¬ 
mal  method.  C  and  Lao.56Lio.33Ti03  are  synchronously  coated  on  the 
surface  of  spherical  LiFeP04.  The  composites  showed  an  excellent 
electrochemical  performance.  It  still  revealed  a  high  discharge  ca¬ 
pacity  of  62.3  mAh  g-1  at  high  rate  of  30  C.  Therefore,  hybrid 
coating  with  C  and  Lao.56Lio.33Ti03  is  an  effective  approach  to 
improve  the  electrochemical  performance  of  LiFeP04  materials. 
Furthermore,  this  strategy  could  be  potentially  extended  to  other 
materials  for  lithium  ion  batteries. 
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